The study of petrology (fi eldwork, petrography, and phase diagram modeling) and structural data of the metapelitic granulites and the southern, high-temperature exposed peridotites in the Beni Bousera massif (northern Morocco), combined with results from previous regional studies of the Alborán, suggest a new emplacement mechanism for the mantle rocks in the Betico-Rifean belt. We document two key metamorphic episodes in the granulites within a temperature window of 710-830 ± 50 °C: (1) An earlier prograde high-pressure period (from 9 ± 1.0 to 12 ± 1.0 kbar) characterized by the assemblage garnet + biotite + kyanite + K-feldspar + rutile. Pressure differences of ~3 kbar are found over a continuous crustal section of ~1.5 km of exposed granulites that indicate a significant crustal attenuation during exhumation of the ultramafi c rocks; and (2) a later postkinematic low-pressure (5 ± 0.8 kbar) symplectic assemblage of cordierite + spinel + plagioclase + sillimanite.
INTRODUCTION
The presence of large coherent bodies of mantle rocks exposed within the continental crust (i.e., orogenic lherzolite massifs) is perplexing, as mantle rocks have densities 300-500 kg/m 3 higher than their host crustal rocks. The emplacement mechanism of these rocks into the crust remains under discussion (e.g., Bodinier and Godard, 2005; Jagoutz et al., 2006; Labrousse et al., 2011) . Many large coherent mantle bodies related to the emplacement of ophiolites (e.g., Oman, Himalaya) are generally thrusted, i.e., obducted, onto the continental crust (e.g., Bard, 1983; Hacker et al., 1996) . For instance, peridotite types associated with highand ultra-high-pressure metamorphic terranes are exhumed by the return fl ux of the subducted continental crust and associated emplacement of mantle rocks into the continental crust at high temperature (e.g., Western Gneiss Region, Norway; Dabie Shan, China) (e.g., Labrousse et al., 2011) . Other exhumed pieces of lower crustupper mantle complexes are also described in passive-margin settings (e.g., Alps, west Iberian margin, Red Sea; Fügenschuh et al., 1997; Müntener et al., 2000) .
The ultramafi c massifs in the Betico-Rifean belt (e.g., Ronda in southern Spain, and Beni Bousera in northern Morocco) are among the largest exposures of mantle rocks on Earth's surface, yet the mechanisms leading to their emplacement into the continental crust are still under active discussion, because these pieces of mantle rocks do not conform to the mentioned emplacement models. Associated basaltic ophio litic segments near the Betic ultramafi c bodies are either related to small amounts of extension (e.g., Puga et al., 1999) or missing, and the present east-northeastern crustal boundary of the peridotitic body is formed by nonmetamorphic rocks (e.g., El Maz and Guiraud, 2001) . Instead, both the Beni Bousera and Betic ultramafi c peridotites bodies (Fig. 1A ) have systematic but highly variable contact relationships with their surrounding host. The hinterland contact (southern and northern contact in Beni Bousera and Ronda, respectively) is a high-tempera ture contact juxtaposing unaltered, strongly sheared, high-temperature peridotite and mostly metapelitic, high-grade, locally mylonitized granulites (so-called kinzingites) that continuously grade-over a distance of 8 km-into lower grade metamorphic rocks (El Maz and Guiraud, 2001 ). The foreland contact (northern and southern contact of Beni Bousera and Ronda, respectively) is characterized by seaward-dipping high-angle normal faults that emplaced unmetamorphosed fl yschtype rocks of the Maghrebian nappes over strongly serpentinized ultramafi c rocks (e.g., Chalouan and Michard, 2004) . The ultramafi c bodies are considered to be elongated sheets (e.g., Gysi et al., 2011) , and the lowermost contact is only exposed in the Betic side. This contact is interpreted to be a late-stage shear zone that resulted in the thrusting of the ultramafi c material and surrounding crustal rocks landward (e.g., Tubía et al., 1993) .
Geochronological studies on the country rocks in both Beni Bousera (Montel et al., 2000) and Ronda (Sánchez-Rodríguez and Gebauer, 2000) , as well as data on pyroxenite dikes in the mantle rocks (ca. 19 Ma: Polvé, 1983; ca. 22 Ma: Reisberg et al., 1989; ca. 25 Ma: Blichert-Toft et al., 1999) , indicate that the mantle rocks were exhumed during early Miocene extension, and subsequently thrusted onto the Iberian (north) and Moroccan (south) margins in the middle Miocene (18-15 Ma; Esteban et al., 2004) . Fission-track (in zircon and apatite), U-Pb (in zircon), and Ar-Ar (in hornblende, muscovite, and biotite) ages reveal fast cooling in the interval 21.2-20.4 Ma associated with the Miocene exhumation event (Platt et al., 2003) . Granitic dikes formed by crustal melting are commonly found at the contact between the peridotites and granulites, and have been also dated through U-Pb sensitive high-resolution ion microprobe analysis in zircons within the range of 22-19 Ma (Esteban et al., 2011 ). An emplacement age of 21.8 ± 0.5 Ma has also been determined using the same technique on surrounding zircon-bearing chlorite schists (Esteban et al., 2007) . The mechanism and the driving forces for the exhumation of the mantle rocks and the surrounding crustal rocks are under active debate: e.g., Obata (1980) proposed a model of emplacement based on rapid cooling of garnet lherzolites along the crustal contact, and slower cooling of spinel and plagio clase lherzolite at shallower levels. Platt et al. (2003) suggested that ductile normal faults reaching down into the lithospheric mantle (and subsequent thrusting of the external thrust belts) led to the emplacement of upper mantle rocks. Tubía et al. (2004) proposed that a narrow mantle diapir was responsible for peridotite exhumation. Afi ri et al. (2011) described the exhumation by a model of lithospheric thinning in the footwall of an extensional shear zone. Mazzoli and Martín-Algarra (2011) showed that Miocene emplacement of the Ronda peridotites within the Betic Cordillera may be interpreted in terms of deformation partitioning associated with oblique convergence during continental subduction and subsequent exhumation, involving the coeval activity of kinematically linked systems of reverse, strike-slip, and normal-sense shear zones. Contrary to the well-studied but rarely exposed high-temperature contact of the ultramafi c Ronda bodies, the contact relationships in Beni Bousera are well exposed along the coast, in the Filali area (Ichendirene, Fig. 1A ), and very locally at the southeast part of the massif (e.g., sample BB-11-17 in Fig. 1A ), but have not been studied with modern petrologic or thermodynamic tools, including phase diagram modeling. The combination of our results with the geological record and previous petrologic, structural, and geochronologic studies on the Betic CordilleraRonda (Sierra Bermeja and Sierra Alpujata) and Carratraca massifs (e.g., Lundeen, 1978; Tubía and Cuevas, 1986; Argles et al., 1999; Tubía et al., 2004; Garrido et al., 2011) -allows us to propose an alternative geodynamic scenario for the exhumation of the ultramafi c massifs that resolves the long-lasting discussion of the emplacement of these massifs.
STRUCTURE
At Beni Bousera, a high-temperature (high-T) package of granulitic rocks (~1.5 km in lateral extent exposed material) rims the massif along the western to the southeastern contact (Figs.  1A, 1B) . The northwesternmost part of the massif, along the beach cliffs, offers spectacular exposure of a continuous section from the perido tite contact along the entire granulite outcrop (Figs. 1A, 1B) to weakly metamorphosed rocks of the Filali series. The alternation of leuco cratic quartz-feldspar-and melanocratic garnet-biotite-dominated layers defi nes compositional banding up to tens of centimeters thick in the granulites. Local shear bands as well as the elongation of quartz grains, as lineation features in the granulites, show shear sense to southeast (Fig. 1C) . Locally along the profi le, the foliation is isoclinal to asymmetrically folded ( Fig. 2A) , with a change in dip along the section from ~30° toward the northwest in the most distal parts from the contact, to around 70° approaching the contact (see also Afi ri et al., 2011) . Locally deformed igneous felsic segregations (plagioclase + quartz + K-feldspar + turmaline crystals; Fig. 2B ), and centimeter-scale ultramafi c fragments (Figs. 2C, 2D, 2E), occur within the granulites, indicating that granite emplacement and peridotite exhumation were related. Approaching the peridotite contact within the granulites, garnet size gets progressively larger (from ~0.5 to 1 mm diameter), local S-C fabrics indicating top-to-the-northwest sense of shear are preserved ( Fig. 2A) , the relative amount of leucocratic material increases, and foliation banding is progressively thicker. Locally, the foliation is also sheared or boudinaged, with melt accumulating in the boudin necks. The presence of a mylonitic layer (Fig. 2F ) at the contact between the granulites and the peridotites indicates a general increase in strain toward the contact (Fig. 1A) .
Approaching the granulite contact within the peridotites, foliation is defi ned by elongate orthopyroxene and olivine crystals. In addition, the presence of boudinage and elongate garnet within layers of pyroxenite (generally parallel to the main foliation) may document a high-T deformation episode. This foliation is nearly parallel to the one observed in the granulites (Afi ri et al., 2011) . In summary, the structural observations in Beni Bousera indicate that the Moroccan contact of the Betico-Rifean belt is a high-T extensional shear zone, consistent with those in the Betic side of the Alborán Sea (e.g., Platt et al., 2003) .
PETROGRAPHY AND PHASE DIAGRAM MODELING
We sampled 59 representative crustal rocksand studied their respective thin sections and selected 14 for chemical analysis-within the granulite unit (including felsic and mafi c inclusions) surrounding the peridotites, and focus on the petrologic features in the northern part of the massif where a detailed east-west sequence from the lherzolites to the crustal material of granulites, gneisses, and schists is exposed (Figs. 1A, 1B). The granulitic rocks are mainly metapelites interlayered with minor mafi c granulites (see also Loomis, 1972; Kornprobst, 1974) , which are mineralogical and chemically similar to the samples in the Betic massifs (e.g., Kornprobst, 1974; Tubía et al., 1997; Argles et al., 1999; Haissen et al., 2004) . We focus on microtextural analysis combined with thermodynamic modeling to constrain pressure-temperature (P-T) conditions and regional evolution. Pressure and temperature were constrained from the best fi t between observed and calculated mineral data by utilizing Perple_X (Connolly, 2005 ; including the thermodynamic database of Holland and Powell, 1998, with updates) . Details on bulkrock determination and composition used for modeling are in the GSA Data Repository 1 . Phase diagram modeling, as P-T pseudosections, is advantageous over conventional thermo barometers ( Fig. 3 ; Table 1 ) in constraining metamorphic P-T conditions, as it allows the observed assemblage to be quantitatively constrained for a specifi ed rock composition (e.g., Powell et al., 1998; White et al., 2002) or microdomain composition (e.g., Kriegsman, 2007, 2010; Álvarez-Valero and Waters, 2010) , and is not dependent on establishing original mineral compositions. The direct comparison of mineral modes and composition with calculated phase relationships in the corresponding pseudosection permits the deduction of P-T conditions by the interpretation of the textural evolution of the rock.
Results of Modeling
Our results indicate the preservation of two different metamorphic mineral assemblages in the granulites: (1) A higher-P assemblage characterized by the melting reaction biotite + kyanite + quartz → garnet + melt + rutile, which, on average, constrains T to ~750 ± 50 °C and indicates a regional pressure gradient, progressively moving from lower P in the west (9 ± 1.0 kbar, 2σ), to higher P in the easternmost samples (12 ± 1.0 kbar, 2σ) along the Chmaala beach (Table 1; Figs. 1B, 3A). This pressure difference is similarly observed along the northeast-southwest Ichendirene section, over a distance of ~1.5 km of exposed granulites . (2) A lower-P, higher-T symplectic mineral assemblage defi ned by the reaction garnet + kyanite/sillimanite + biotite + quartz → spinel + cordierite + melt at ~850 °C and 5 ± 0.8 (2σ) kbar (Table 1 ; Fig. 3B ). These values are analogous to those obtained from metapelitic granulites in the Betic Cordillera (slightly lower P for the higher-P event; Table 1) by Argles et al. (1999) . Thus, both crustal sections (Rif and Betic) match a structural attenuation related to high-T decompression (up to 2-4 kbar in the Betic side) at the base of the crust. These granulites represent an example of the so-called near-isothermal decompression paths described by Harley (1989) .
Glass inclusions (quenched melt) of rhyolitic composition (typical after partial melting of a metapelitic crust) are found in both the higherand lower-P assemblages in Grt, Ky, Pl, Zr, and Crd crystals ( Berman (1988) (2) Holland and Powell (1998) 
Conventional (1) Berman (1988) (2) Holland and Powell (1998) 
Sample Geographic area ( Holland and Powell, 1998 (Perple_X; Connolly, 2005) .
and Ky (Fig. 4B) . In addition, minor low-grade retrograde phases like Ms and Chl locally occur within the symplectites.
Compositional garnet profi les range from slightly bell shaped (Fig. 5A ) with garnet cores containing 27-29 wt% FeO, to fl at with Feincreasing, Mg-decreasing sharp rims (Fig. 5B) . The latter show smooth profi les in MgO, CaO, and MnO that may indicate relicts of growth zoning as well as chemical homogenization by diffusion at high-grade metamorphism. They normally show sharp transition to rims (up to 33 wt% FeO).
P-T Constraints in the Peridotites
In both the spinel peridotites and garnet pyroxenites (i.e., Ariegite subfacies) we utilized the conventional two-pyroxene thermometer of Putirka (2008) and the orthopyroxene and garnet barometer of Nickel and Green (1985) . Results in the samples near the contact with the granulites indicate P of 16 ± 1 (2σ) kbar, and typically record a T range of 900-1000 °C that is comparable with the T values in the center of the massif and is in line with results obtained by Gysi et al. (2011) . Rare garnet peridotites, in which garnet is in contact with olivine, reveal P and T values of 18.7 ± 1.2 (2σ) kbar at 982 ± 70 °C.
DISCUSSION
Our petrologic results in the lower crust rocks of the Beni Bousera massif indicate that, before shearing and exhumation of the peridotites, the granulites equilibrated at >30 km depth (prekinematic minimum conditions at > 9-12 kbar and ~800 °C). This is in concordance with the barometric estimates on the peridotites (local garnet-olivine equilibria) that yield depths of at least ~65 km (see also Gysi et al., 2011 ; and for the Ronda peridotites, Garrido et al., 2011) .
The available fi eld and textural data, such as the presence of ultramafi c elongate fragments entrained in the granulites, indicate that ductile deformation on the preserved fabric in the granulites is associated with the exhumation of the peridotite massif (e.g., Figs. 1, 2) . The structural continuity between the granulite and the ultramafi cs, i.e., the consistent direction of the lineation and similar dip and strike of the foliation ( Fig. 1C; Afi ri et al., 2011) , permits the use of kinematic criteria in the granulites to constrain the kinematics of the crust-mantle contact. This implies that the peridotite foliation, at least the one close to the contact, developed coevally with the granulite foliation. The deformed igneous felsic segregations (Fig. 2B ) and centimeterscale ultramafi c fragments (Figs. 2C, 2D, 2E ) in the granulites indicate that granite emplacement and peridotite exhumation were related by a decompression partial melting. In addition, the generally observed top-to-the-northwest sense of shearing suggests that this contact is a kilometer-scale ductile extensional shear zone that may favor the transport and exhumation of the mantle material ( Fig. 6 ; see also Afi ri et al., 2011) . The associated crustal ductile thinning, evidenced by our thermobarometric estimates of the high-P assemblage, implies attenuation of up to ~8 km within the current 1.5 km of exposed granulitic crust. These data are in agreement with the high attenuation of the lower crust in the Betic massif (Argles et al., 1999) . The estimates of this high-P episode are assumed to be minimum, as the best fi t between modeled and observed modes and volumes show isopleths nearly isothermally parallel (Fig. 3A) .
Flat profi les of elements suggest chemical equilibration of minerals, which is commonly the result of prolonged residence at high-T conditions. The preservation of Grt cores with Fe, Mg, Mn, and Ca bell-shaped profi les (Fig. 5A) indicates that diffusive chemical re-equilibration during high-T conditions did not completely obliterate the original growth zonation. Instead, the cases with chemical species showing fl at core profi les (Fig. 5B) indicates a long-enough residence of Grt at high-T to homogenize.
The chemical diffusion experiments carried out in garnet by Chakraborty and Ganguly (1991) represent an optimal tool to constrain the duration of particular geological processes. They show the necessary time to homogenize a chemical element (fl at profi le) in a garnet crystal as a function of temperature and its radius length: log a (mm) = log(Dt) 1/2 (cm) + 1.1505, (1) where a is the radius of a spherical garnet crystal, and Dt is the diffusion coeffi cient at a constant P value of 5 kbar. According to their results, we quantitatively constrain in the granulites how long the ductile crustal thinning episode was. The sharp chemical changes at the garnet rims of Figure 5B , which are up to 0.1 mm, formed as a result of a residence period of <0.01 m.y. during uplifting that yielded to a fast exhumation rate (see also Chakraborty and Ganguly, 1991 , their fi gure 13). This, coupled to the presence of ductile foliation in the structures, reveals that ductile thinning is in accordance to the Miocene exhumation model of Argles et al. (1999) on the Betic side of the Alborán Sea.
Geodynamic and Regional Implications-A Consistent Emplacement Model of the Ultramafi c Massifs within the General Evolution of the Alborán Domain
Our observations from the Beni Bousera massif reveal striking similarities with the ultramafi c exposures in southern Spain (e.g., the Ronda massif) within the Betico-Rifean system. In all massifs, the high-T contact is observed (i.e., the granulites around peridotites) consistently only on one side of the massifs (i.e., north in Spain, south in Morocco), whereas the opposite contact, showing low-T, steeper normal faults, is generally considered to be younger than the emplacement (Platt et al., 1995, for Ronda) . Similarly, along the contacts of the Beni Bousera massif with the fl ysch-type rocks, the shear sense indicates normal movement. Figure 1A shows the elongated geometry (northwest-southeast trend) of the main peridotite body, of which the lower contact (at the bottom) corresponds to the northeastern boundary. The emplacement of these ultramafi c massifs has been discussed for decades. The presence of the high-T contact only on one side of the system does not favor a model of ultramafi c emplacement in the crust by a hot diapir Figure 1A . Mineral abbreviations as in Figure 3 . (Loomis, 1972; Obata, 1980 , with a normal fault at its top; Kornprobst and Vielzeuff, 1984 , with peridotitic mantle core complexes through extensional detachments; Doblas and Oyarzun, 1989; Tubía et al., 2004 , for the Betic massifs), nor injection of mantle material within the lower crust along thrust faults during compression (Reuber et al., 1982 , for the Ronda massif). Alternatively, the exhumation process may have dominantly occurred along deepreaching normal faults (El Maz and Guiraud, 2001 ; for the Betic massifs: Argles et al., 1999; Platt et al., 2003; Mazzoli and Martín-Algarra, 2011) . Our fi eld and petrological data support these latter models.
It is generally accepted that the BeticoRifean peridotite bodies were linked in space and time (e.g., Azañón and Crespo-Blanc, 2000; Esteban et al., 2004; Platt et al., 2005; Vergés and Fernández, 2012) . Therefore any emplacement mechanism needs to explain the consistent asymmetry of structures observed on both Alborán margins. Paleomagnetic data indicate that the ultramafi c massifs in Morocco and Iberia systematically rotated anticlockwise and clockwise, respectively, up to 74° during their emplacement (Platzman, 1992; Feinberg et al., 1996; Villasante-Marcos, 2003) . Reorienting the different massifs to their original orientation (by rotating the high-T granulitic contact/foliation back; Fig. 6 ) results in: (1) a north-south orientation of the long axes of the peridotite massifs subparallel to the eastdipping retreating subduction zone (Royden, 1993) ; (2) the high-T ductile contact, between the granulites and peridotites, then located on the western side of the peridotite massifs; and (3) the low-T eastern contact as a high-angle east-dipping normal fault.
These observations lead us to propose a model of exhumation and emplacement for the ultramafi c rocks by an initial exhumation along an east-dipping detachment system that was driven by extension behind the retreating west-dipping subduction system (Fig. 6) . The kinematic features in concert with the rotation kinematic observations of Platt et al. (1995) indicate that the high-T contact was originally a shallow west-dipping detachment fault. This is consistent with our petrological results that reveal a signifi cant attenuation of the lower crust during exhumation of the ultramafi c massifs. We propose that the west-dipping detachment system formed in a back-arc environment of the east-dipping, retreating subduction zone (presently the western part of the Gibraltar arc). The retreat resulted in extension of the upper plate, i.e., the Alborán domain, ultimately exhuming the mantle material. As such, much of the initial exhumation of the mantle rocks resembles the exhumation mechanism described for an oceanic-continental transition zone such as the peridotites in the Alps (Manatschal and Müntener , 2009 ) and also in the Iberia-Newfoundland conjugated margin system (Jagoutz et al., 2007; Péron-Pinvidic et al., 2007) .
We speculate that the high-angle normal fault that consistently occurs to the paleo-east of these massifs is a conjugated fault system (northsouth-trending transtensional set; Balanyá and García-Dueñas, 1987; García-Dueñas et al., 1992) related to the major detachment system. This, coupled with the footwall decompression indicated by our petrologic evidence, may have led to exhumation of the ultramafi c bodies.
Subsequently, ongoing westward retreat of the subduction system (García-Dueñas et al., 1992; Royden, 1993) , coupled by throughtrench suction forces (Chemenda et al., 1995) onto the hanging wall, pulled the exhumed mantle rocks, the granulites, and the Internal units of the Alborán domain to the west and ultimately thrusted them onto the Rifean and Betic margins. The high angle between the retreating slab and the original margin boundaries resulted in anticlockwise and clockwise rotation of the Rifean and Betic ultramafi c rocks, respectively, during thrusting of the units on land. This tectonic scenario is consistent with our petrologic results, i.e., the signifi cant heating during the Miocene decompression/exhumation episode (Fig. 3) that is in accordance with a west-dipping subduction offshore in the Atlantic Ocean. Indeed, melts parental to Cr-diopside pyroxenite present in the Beni Bousera ultramafi c massif show geochemical features of a subduction process similar to that of subduction-related volcanic rocks found in the Alborán Sea (Gysi et al., 2011) . Additionally, geophysical studies support this idea: for instance, Gutscher et al. (2002) and Spakman and Wortel (2004) recently described evidence of an active subduction area with thrusts and earthquakes up to 600 km depth. Our results are also compatible with the conclusions of Mazzoli and Martín-Algarra (2011), Vergés and Fernández (2012) , and Mazzoli et al. (2013) . They showed that Miocene emplacement of the Ronda peridotites may be interpreted in terms of deformation partitioning (i.e., orogen-parallel strike-slip and orogen-perpendicular thrusting) associated with oblique convergence during continental subduction and subsequent exhumation involving the coeval activity of kinematically linked systems of reverse, strike-slip, and and normal-sense shear zones. Top-to-the-hinterland shear along the contact between the Ronda peridotites and overlying crustal rocks is consistent with extrusion of the subcontinental mantle rocks within the framework of continental subduction.
CONCLUSIONS
We summarise the main concluding remarks in: (1) The petrologic and structural data presented reveal that the ductile deformation in the granulites is directly related to the exhumation of the Beni Bousera massif along deep reaching normal faults; (2) Results of phase diagram modelling in the granulites evidence crustal attenuation of up to ~8 km; (3) The compositional zoning patterns of the granulites garnet-rims indicate a fast exhumation rate (<0.01 m.y.) during the Miocene uplifting; (4) The opposite contacts within the Betico-Rifean belt, i.e., the high-T contact between granulites and peridotites (north in Spain, south in Morocco) and the low-T normal faults, occur similarly on one side of the ultramafi c massifs; (5) The anticlockwise and clockwise rotation of the high-T contact in the Rifean and Betic ultramafi c rocks, respectively, indicates that it was originally a shallow, west-dipping detachment fault that may have formed in a back-arc environment of the east-dipping, retreating subduction zone (current western part of the Gibraltar arc); (6) Our geodynamic scenario, as mechanism of the ultramafi cs emplacement at surface, is coherent with the proposed tectonic Pleistocene evolution in western Italy during the northwest-directed subduction beneath the Calabrian Arc (e.g., Royden et al., 1987; Mattei et al., 2004; Ascione et al., 2012) , where rotations, northeast-directed thrusts, as well as slab's motion, retreat and rollback were also identifi ed.
